Abstract. With the rapid development of aerospace, optics, photonics and other fields, the optical glass is more and more widely used. In ultrasonic vibration milling process, the milling force can directly affect the stability of machining process, the processing quality of components and the pass rate of products. In this paper, the experiment on ultrasonic vibration and ordinary milling of optical glass studied the influence of milling speed, feed per tooth, milling depth and other factors for the milling force. The experimental results showed that, compared with the ordinary milling process, the ultrasonic milling can effectively reduce the milling force and improve the processing stability in the same processing conditions.
Introduction
Optical glass is more and more widely used in aerospace, optics, photonics and other fields. Because of its high brittleness and low fracture toughness, it is too difficult to obtain high surface quality by using ordinary processing methods. Moreover, the qualified rate of products is too low and the processing cost is too high. Ultrasonic vibration milling by pulse cutting as its main characteristic is a new kind of processing technology, which not only can reduce the cutting force, effect of cutting heat and the machined surface roughness, but also can greatly improve the machining accuracy and extend the tool life. For difficult-to-machining materials, especially for precision machining of the hard and brittle materials, Ultrasonic vibration milling reflects more benefits. Noma Kazuki proposed that the axial ultrasonic vibration-assisted machining with workpiece bending has the potential for achieving high-precision and high-efficiency machining for chemically strengthened glass [1] .Zhang Chenglong established the Mathematical model for cutting force in rotary ultrasonic face milling of brittle materials in his paper [2] . Bulla B. studied influence on the ductile behaviour of binderless tungsten carbide applying ultrasonic assisted diamond turning [3] . In the process of ultrasonic vibration milling, the milling force determines the machining quality and precision of the workpiece [4, 5] .In this paper, multi-factor orthogonal experiment method with different experimental parameters is used to research the influence rules of different processing factors on the milling force so that the optimal parameters combination for optical glass ultrasonic vibration milling is obtained.
Model of Ultrasonic Vibration Milling Force
In the same cutting conditions, ultrasonic vibration milling is the result of both ordinary cutting and ultrasonic vibration, so the average milling force acting on the workpiece (the same effecting on the tools) is the superposition of the ordinary milling force S and the average impact force during the machining. In the process of ultrasonic vibration milling, the average milling force of the cutting tool [6, 7] is: 
International Forum on Energy, Environment and Sustainable Development (IFEESD 2016) In above equation, cos(2)cos(2)0 es ftft ππ −< and ()1()0 eses ttftTt −+=+−> so, FSFS =+< . It shows that the average milling force F produced in the ultrasonic vibration milling is smaller than S that in the ordinary milling. Therefore, using ultrasonic vibration machining can effectively reduce the cutting force.
Experimental Conditions and Method

Experimental Conditions of Milling
In this experiment, the model ZK1 of optical glass is selected as the workpiece materials whose performance is shown in 
Experimental Method
The ultrasonic vibration milling system used to the optical glass materials in the experiment is shown in Figure 1 . This system mainly consists of an ultrasonic generator, a three-dimensional dynamometer, a multichannel charge amplifier by the type of 5070, a computer and so on. The dynamometer used in the test is Kistler 9257B which is made in Switzerland by Kistler Company. In this experiment, ultrasonic vibration milling and ordinary milling are used to the workpiece to research the effect of the three main factors, milling speed (spindle speed n ) Vc, feed rate (feed per tooth fz) f and cutting depth ap on milling force. Meanwhile, down milling is selected as the milling mode. Cutting fluid is kerosene and frequency of ultrasonic vibration is 36.85 KHz. Multi-factor orthogonal experiment method is used to do the test of milling force. 
Analysis of the Influence of Various Factors on Milling Force
Influence of Milling Speed on Milling Force. The relation curve between the milling force in three directions(Fx, Fy and Fz) and the milling speed in ultrasonic vibration and ordinary milling is showed in Figure 2 . The Figure 2 shows that the milling force Fx, Fy and Fz are all increasing along with the milling speed in the two milling ways. As the milling speed from 226m/min to 264m/min, the milling force increases sharply. Moreover, the milling vibration is obvious too when the milling speed is increasing. The milling force enlarges, because the strain rate of the workpiece is increasing along with the milling speed and the cutting volume increases in the unit time. It is showed that in Figure 2 the milling force Fx, Fy and Fz in ultrasonic vibration milling are all 12~75N lower than the ordinary milling. This explains the ultrasonic vibration milling can effectively reduce the milling force in processing in some certain conditions, especially the Y and Z direction, and then improve the stability of milling process. Influence of Feed Rate per Tooth on Milling Force. In the two machining ways of ultrasonic vibration and ordinary milling, the relation curve between the milling force in three directions (Fx, Fy and Fz) and the feed per tooth is showed in Figure 3 . It is can be seen from Figure 3 that in the two milling ways, the milling force in each direction Fx, Fy and Fz generally increases with the increase of the feed rate. The change of milling force in three directions is very obvious in ordinary milling process, but in ultrasonic vibration milling is not. This shows that the milling force produced in ultrasonic vibration milling is much smaller than that in ordinary milling. Besides, in ultrasonic vibration milling, the increase of the feed rate has produced little effect on the milling force in Y and Z directions but much in X. It illustrates that the ultrasonic vibration milling can significantly reduce the milling force in Y and Z directions and make the change of it more uniform in X when compared with ordinary milling. Fig.3 The influence of feeding on each direction milling force Influence of Milling Depth on Milling Force. The relation curve between the milling force in three directions(Fx, Fy and Fz) and the milling depth in ultrasonic vibration and ordinary milling is showed in Figure 4 . The Figure 4 shows that with the increase of the milling depth, the milling force is increasing too in both two milling methods. When the milling depth is increasing, the removal of the materials in unit time and the energy consumption in milling process are increasing. At the same time, due to the increasing of the milling depth, the cutting edge and contact area between the cutting tool and workpiece are all increased, so the friction is increased which causes the enlargement of the milling force. However, compared with ordinary milling, the milling force in three directions(Fx, Fy and Fz) are all much lower in ultrasonic vibration milling. It explains that the ultrasonic vibration milling can reduce the milling force and improve the stability of the processing. 
Conclusions
The experiment in this paper shows that the milling force is increasing with the increase of the milling speed, feed per tooth and milling depth, but the increase of the milling force is much small and increasing evenly in ultrasonic vibration milling. Meanwhile, the milling force can be significantly reduced in ultrasonic vibration milling compared with ordinary milling in the same cutting conditions. Therefore, the ultrasonic vibration milling can effectively reduce the milling force and improve the stability of the machining process, then improve the surface quality of the workpiece.
